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interaction could enable 
Synechococcus to anticipate and 
adapt to its highly seasonal 
habitat. 
Transcription and translation 
are surely not entirely lost from 
any circadian clock, but these 
new findings should make us 
critically assess what clock 
properties they contribute to the 
circadian system, such as how 
much are they involved in keeping 
people awake during jet-lag. The 
physiology and behaviour that the 
Synechococcus clock regulates 
via transcription is an output of 
the clock but it obviously also 
supports the system via feedback 
(zeitnehmer). We clearly still have 
to understand much more about 
how rhythm generation, 
transcription, translation, inputs 
and outputs interact before we 
can put this story to bed. 
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DNA Repair: How to PIKK a 
Partner 
In eukaryotes, members of the phosphoinositide-3-kinase-related 
protein kinase (PIKK) family co-ordinate the cellular response to DNA 
damage. But how do these important kinases detect DNA damage and 
relay this information to the DNA repair and checkpoint machinery? 
Kevin Hiom	 phosphoinositide-3-kinase-related 
protein kinases (PIKKs); these 
Genomic DNA damage poses a include the Ataxia-telangeictasia 
threat to the genetic integrity of mutated (ATM), Ataxia­
any organism. In most cells, telangeictasia related (ATR) and 
detection of DNA lesions elicits a DNA-dependent protein kinase 
coordinated set of responses with catalytic subunit (DNA-PKcs) 
the ultimate aim of faithfully proteins. PIKKs are recruited to 
repairing the damaged DNA. In sites of DNA damage, where they 
higher organisms, the presence of are rapidly ‘activated’ to 
DNA damage is signalled by a phosphorylate a host of 
family of proteins known as the downstream substrates involved 
in the maintenance of genomic 
integrity [1]. 
How then do PIKKs detect DNA 
damage and relay this 
information? Two recent papers 
[2,3] shed new light on this 
process. Falck et al. [2] have 
identified a hitherto unknown 
protein interaction motif that is 
important in the damage 
response, and shown that PIKKs 
are recruited to sites of DNA 
damage through a physical 
association with specific DNA 
damage-binding proteins. Lee and 
Paull [3] found that, for ATM at 
least, recruitment to DNA by the 
damage-binding 
Mre11/Rad50/Nbs1 (MRN) 
complex greatly stimulates its 
ability to phosphorylate 
downstream substrates. 
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Figure 1. 
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B role in this interaction are 
boxed. (B) DNA lesions, 
DNA Damage such as double strand 
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 complex (shown here) or 
MRN -ATM Ku70–Ku80 (not shown). 
complex Single-stranded DNA is 
recruited bound by ATRIP (not 
shown). DNA damage­
associated PIKKs, such as 
ATM (shown), DNA-PKcs 
and ATR, are recruited toMRN

Recruits
 the site of damage through 
ATM their association with a 
DNA damage-binding 
partner. This interaction is 
P mediated through an 
evolutionarily conserved 
interaction motif (red tail), 
illustrated in panel A. It is 
currently not clear whether 
ATM is recruited to DNA by
Activated ATP 
MRN that is already boundphosphorylates 
Chk2 to the site of DNA damage 
(pathway I), or if ATM binds 
DNA damage as part of a 
pre-formed complex with 
DNA damage response activated MRN (pathway 2). Once 
recruited to DNA, the ATM
Current Biology kinase activity is stimulated 
for the phosphorylation of 
downstream substrates 
including Chk2. 
For some time, it has been with ATM. Moreover, they found 
thought that recruitment of PIKKs that this domain is not only 
to sites of DNA damage is conserved in Nbs1 from yeast to 
necessary for their activation and man, but is also conserved in 
ability to signal to the checkpoint other PIKK-binding proteins, such 
and DNA repair machinery. as ATRIP and Ku80, which 
Furthermore, the localisation of associate with ATR and DNA-
PIKKs to damage sites appears to PKcs, respectively (Figure 1A). 
be facilitated by their association By mutating the ATM­
with specific partner proteins — interacting region of Nbs1, Falck 
the MRN complex for ATM, ATR- et al. [2] showed that this domain 
interacting protein (ATRIP) for was essential for both the 
ATR, and a complex of Ku70 and recruitment of ATM to sites of 
Ku80 for DNA-PKcs. Until now, DNA damage in cells and for 
however, it was not known how binding to DNA in vitro. Mutations 
this was achieved. in the PIKK-interacting regions of 
Falck et al. [2] approached this ATRIP and Ku80 produced an 
problem through the study of similar reduction in the DNA-
Nbs1, part of the DNA end- binding efficiencies of ATR and 
binding complex MRN which is DNA-PKcs, respectively. 
required for the ‘activation’ of Moreover, the preference of ATM 
ATM kinase. By comparing the and DNA-PKcs for binding DNA 
carboxy-terminal regions of Nbs1 ends, and for ATR to bind single­
from a wide range of organisms, stranded DNA, faithfully reflects 
they identified a conserved the DNA-binding specificities of 
domain required for its interaction their partners. 
In simple terms, therefore, the 
specificity of PIKKs for signalling 
different forms of DNA damage 
appears to be determined, at least 
in part, by the DNA-binding 
preference of the partner protein 
with which they associate. One 
interesting experiment that might 
be attempted is to fuse a PIKK to 
a non-canonical DNA binding 
partner, for example ATM to 
ATRIP, to determine if it then 
signals for a different subset of 
DNA damage. 
What is not clear is whether the 
DNA damage-sensing proteins 
first bind DNA damage and then 
recruit a specific PIKK, or whether 
each PIKK binds to sites of DNA 
damage as part of a preformed 
complex with its DNA-binding 
partner. The available evidence 
suggests that ATR and ATRIP 
arrive at DNA lesions as a 
preformed complex [4,5]. 
Conversely, the heterodimeric 
Ku70–Ku80 complex is thought to 
bind DNA damage first and then 
recruit DNA-PKcs [6,7]. While 
Falck et al. [2] report that the 
association of ATM with Nbs1 
occurs independently of DNA 
damage, consistent with the 
recruitment of a pre-formed ATM-
Nbs1 complex, they also note that 
MRN can bind DNA 
independently of ATM and 
therefore that ATM recruitment 
might follow (Figure 1B). 
The association of PIKKs with 
their DNA-binding partner also 
has functional consequences. 
Disrupting these interactions not 
only interferes with DNA binding 
but also hinders downstream 
signalling by PIKKs. For example, 
Falck et al. [2] showed that 
deletion of the PIKK-interaction 
motif from ATRIP and Nbs1 
interfered with DNA damage­
induced phosphorylation of Chk1 
and Chk2, respectively, 
suggesting that recruitment of 
PIKKs to DNA is critical for 
activating their kinase functions. 
In their study, Lee and Paull [3] 
showed biochemically that 
recruitment of ATM to DNA by 
MRN greatly stimulates ATM 
kinase function. They found that, 
in the absence of DNA, MRN 
increased ATM-dependent 
phosphorylation of Chk2 protein 
only 2–5-fold, but the additional 
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presence of DNA stimulated 
kinase activity 80–200 times. The 
authors speculate that MRN and 
DNA act on ATM to stimulate 
substrate recruitment. 
Interestingly, Lee and Paull [3] 
also found that, although Mre11, 
Rad50 and Nbs1 were all required 
for activation of ATM kinase 
function in vitro, Mre11 and 
Rad50 alone could facilitate the 
recruitment of ATM to DNA. This 
clearly contrasts with the results 
of Falck et al. [2]. The most likely 
explanation is that the 
association of ATM with MRN is 
facilitated by multiple interactions 
in vivo, which can be bypassed 
with higher concentrations of 
protein in vitro. 
Together, these papers [2,3] 
enhance our understanding of the 
mechanism by which PIKKs 
coordinate the cellular response 
to DNA damage. Firstly, they 
show that the recruitment of DNA 
damage-associated PIKKs to 
sites of DNA damage is mediated 
by an evolutionarily conserved 
motif. Secondly, the association 
of PIKKs with DNA plays a critical 
role in activating the kinase 
function required to signal the 
presence of DNA damage (Figure 
1B). These newly defined 
interactions are likely to garner 
interest from drug companies as 
potential targets for small 
molecule inhibitors of DNA repair 
for use in cancer therapy. 
Lastly, as the PIKK interaction 
motif is conserved between 
Nbs1, ATRIP and Ku80, how 
does each PIKK identify their 
perfect partner? Falck et al. [2] 
report that whilst small carboxy­
terminal peptides from Nbs1, 
ATRIP and Ku display decreased 
selectivity towards their PIKK 
partner, this promiscuity is lost in 
the context of the larger proteins. 
Perhaps this indicates the 
existence of additional, as yet 
undefined, interactions that 
contribute to the recruitment of 
specific PIKKs to DNA. Even so, 
the principle seems clear. ATM, 
ATR and DNA-PKcs only get 
turned on when they PIKK the 
right partner. 
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